Vaccinia virus genes are expressed in a sequential fashion, suggesting a role for negative as well as positive regulatory mechanisms. A potential down regulator of gene expression was mapped by transfection assays to vaccinia virus open reading frame D10, which encodes a protein with no previously known function. Inhibition was independent of the promoter type used for the reporter gene, indicating that the mechanism did not involve promoter sequence recognition. The inhibition was overcome, however, when the open reading frame of the reporter gene was preceded by the encephalomyocarditis virus internal ribosome entry site, which excludes the possibility of nonspecific metabolic or other antiviral effects and suggests that capped mRNAs or cap-dependent translation might be the target of the D10 product. The inducible overexpression of the D10 gene by a recombinant vaccinia virus severely inhibited viral protein synthesis, decreased the steady-state level of viral late mRNA, and blocked the formation of infectious virus. (20) that can be divided into three classes-early, intermediate, and late-based on their times of expression (29, 33) , promoter consensus sequences (2, 11, 12) , and specific transcription factor requirements (9, 22, 41) . Early gene expression is unique in that it does not require the de novo synthesis of DNA or proteins since the template, viral RNA polymerase, and early transcription factors are present within the infectious virus particle (21, 30) . The early transcription factors, like virion structural proteins, are synthesized at late times (1, 8, 17) . The viral proteins needed for intermediate transcription are products of early genes (34, 35, 41, 42) , whereas at least some of those required for late transcription are products of intermediate genes (19, 22, 32, 47) , providing the basis for sequential regulation.
Vaccinia virus contains nearly 200 genes
At present, only positive regulators of poxvirus gene expression have been described. However, the rapidity of the shifts in cellular and viral protein synthesis raises the possibility of a role for negative regulators. The sharp increase in the rates of decay of host and viral mRNAs during vaccinia virus infection may accelerate progression through the stages of host and early, intermediate, and late viral gene expression (3, 31, 37) . Stage-specific repressors of transcription and translation also have been suggested but without supporting evidence.
Inhibition of reporter gene expression by the D10 ORF. The present study originated from an unbiased screen of the vaccinia virus genome for transactivators of viral late gene expression (22) . In cells infected with vaccinia virus in the presence of cytosine arabinoside, an inhibitor of DNA replication, reporter gene expression was activated upon transfection of specific combinations of six cosmids containing cloned fragments that spanned the entire vaccinia virus genome. The activators were mapped to the G8, A1, and A2 open reading frames (ORFs) (22) , and the proteins were later shown to be transcription factors. We had noted in some experiments that the omission of cosmid 10 increased reporter gene activity severalfold in this assay (data not shown). Since the HindIII D DNA segment of the vaccinia virus genome was unique to cosmid 10, multiple plasmids that contained DNA from that region were tested for inhibitory activity in transfection assays using reporter plasmids with Escherichia coli lacZ under control of the vaccinia virus late P11 promoter (4) . These experiments were performed with cells infected with vaccinia virus in the absence of cytosine arabinoside. In contrast to the vector alone, one plasmid containing a 2.9-kbp segment that included the D9, D10, and D11 ORFs inhibited lacZ expression by the reporter plasmid (Fig. 1A) . The 2.9-kbp DNA was subcloned into segments that contained single ORFs. When these plasmids were transfected, D10 was as inhibitory as the fragment containing all three ORFs whereas D9 and D11 had lesser effects (Fig.  1A) . Similar results were obtained when the reporter gene was regulated by the intermediate P30/300 (2) promoter (Fig.  1B) . As a control, frameshift insertion mutations were made by cleaving the D10 and D9 genes at unique HpaI and EcoRV sites, respectively, and ligating an 8-mer EcoRI oligonucleotide linker. Plasmids containing frameshifted D10 or D9 ORFs did not inhibit late or intermediate promoter-regulated gene expression (data not shown). The effects of D10 on early promoters was not evaluated because genes regulated by early promoters are poorly expressed in transfection assays (10) .
In the experiments described above, the transfected D10 and D9 genes were regulated by their natural promoters. Niles and coworkers (24) (25) (26) had reported that the D9 and D10 genes have early and late promoters, respectively. The difference in promoter type, and presumably level of expression, may have affected the relative activities of these genes in transfection assays. We therefore cloned the D9 and D10 ORFs into the plasmid vector, pVOTE.2, which contains the bacteriophage T7 promoter and an encephalomyocarditis (EMC) virus leader that provides enhanced cap-independent translation (13, 38) . The resulting plasmids were called pVOTE.2/D9 and pVOTE.2/D10. To provide T7 RNA polymerase, we used vaccinia virus vTF7-3, which has the bacteriophage T7 RNA polymerase gene regulated by the vaccinia virus early-late P7.5 promoter (15) . Cells were infected with vTF7-3 and then transfected with the late reporter plasmid and either the control pVOTE.2 vector, pVOTE.2/D10, or pVOTE.2/D9 plasmid. We found that D10 severely inhibited expression of the reporter gene regulated by either the late ( Fig. 2A ) or intermediate (Fig. 2B ) promoter.
Specificity of inhibition.
To evaluate the specificity of the inhibitory effect for vaccinia virus promoters, two lacZ reporter plasmids with bacteriophage T7 promoters were employed: pT7lacZ and pT7EMClacZ. As implied by its name, the latter contains a cDNA copy of the EMC leader to provide capindependent translation (14) . D10 inhibited expression by pT7lacZ, indicating that the effect was not specific for vaccinia virus promoters (Fig. 2C) . Remarkably, reporter gene expression mediated by the T7 promoter and EMC leader was not inhibited (Fig. 2D) , suggesting that capped mRNAs or capdependent translation is the target of the D10 product and excluding the possibility of nonspecific metabolic or other antiviral effects.
Construction of recombinant vaccinia viruses that inducibly overexpress the D10 or D9 genes. To compare the effects of the D10 and D9 proteins on viral gene expression, we constructed vaccinia viruses with an inducible T7 RNA polymerase gene and an extra copy of the D9 or D10 ORF under an inducible T7 promoter and EMC virus leader. By employing the EMC virus leader, we sought to prevent negative autoregulation of D10 or D9 expression. This VOTE system was originally developed to inducibly express heterologous recombinant genes (43) but has been successfully employed to regulate vaccinia virus genes as well (18, 46) . The pVOTE.2/D10 and pVOTE.2/ D9 plasmids were transfected into cells that had been infected with vT7lacOI, a vaccinia virus that expresses the E. coli lac repressor and an inducible copy of the T7 RNA polymerase (43) , and recombinant viruses vT7lacOI/D10 and vT7lacOI/D9 were isolated by antibiotic selection and plaque purified several times in succession. The presence of the original D10 or D9 gene, as well as the inducible copy, was verified by PCR and Southern blotting (data not shown).
Inducible overexpression of the D10 and D9 genes at 20 h after infection was demonstrated by Western blotting with rabbit polyclonal antiserum made to the C-terminal peptide (CYYESLKKLTEDD) of D10 and to the N-terminal peptide (MGITMDEEVIFETPRC) of D9. The amounts of D10 and D9 made by the parental vT7lacOI or by the recombinant viruses in the absence of inducer were below the level of detection with these antibodies. However, prominent D10 (Fig. 3A) and D9 (Fig. 3B ) bands were visualized from extracts of infected cells that had been induced with IPTG (isopropyl-␤-Dthiogalactopyranoside). Preimmune serum, from one of the two rabbits used for peptide immunization, reacted with an unidentified protein with a higher molecular weight than that of D10 in the lysates of all infected cells (Fig. 3A) .
Effects of D10 overexpression on virus replication. The sizes of plaques formed by vT7lacOI/D10 were moderately reduced with 50 g of IPTG per ml and severely reduced at 250 g/ml (Fig. 4) , suggesting that large amounts of the D10 gene product had a negative effect on virus replication. In contrast, the sizes of vT7lacOI and vT7lacOI/D9 plaques were unaffected by inducer (Fig. 4) . The selective effect of IPTG on replication of vT7lacOI/D10 was confirmed under single-step growth conditions (Fig. 5) . In this experiment, we included recombinant virus vGW3 which contains the lacZ gene under control of the inducible T7 promoter and EMC virus leader (43) .
Effects of D10 and D9 overexpression on viral protein synthesis. Cells were infected in the presence or absence of IPTG and pulse-labeled with [ 35 S]methionine at various times to determine the effects of D10 and D9 expression on viral protein synthesis. Overexpression of D10 severely inhibited viral protein synthesis at 12 and 20 h after infection, whereas D9 inhibited protein synthesis only at the later time (Fig. 6) , which probably accounts for the lack of effect of D9 overexpression on virus replication (Fig. 4 and 5) . The D10 and D9 bands were difficult to resolve by pulse-labeling because of comigration of other viral proteins. However, bands of the expected sizes appeared to have a greater intensity, relative to that of proteins of other sizes, in the presence of IPTG than in its absence. In contrast, the ␤-galactosidase band induced by vGW3 (43) was readily discerned and there was little effect on the synthesis of viral proteins, excluding the possibility of nonspecific effects due to overexpression of any protein in this system (Fig. 6) .
Effects of D10 and D9 on steady-state levels of late mRNA. RNase protection assays were performed to determine the effects of the D10 and D9 proteins on the steady-state levels of a late mRNA. The transcript of the F17 gene, encoding the 11,000-molecular-weight structural protein, has been well characterized and used in previous studies as a representative late mRNA (3, 5, 36, 45) . BS-C-1 cells infected with vGW3 served as a control. The 682-nucleotide biotinylated RNA probe extended from Ϫ556 to ϩ126, relative to the RNA start site at ϩ1. A properly initiated 126-nucleotide RNase-protected band as well as some undigested full-length probe was detected at 12 and 20 h after infection with vGW3; the addition of IPTG had little or no effect (Fig. 7) . In cells infected with vT7lacOI/D9, IPTG induced a moderate reduction in the amount of the RNase-protected band at 12 h and a severe reduction at 20 h (Fig. 7) . In cells infected with vT7lacOI/D10, IPTG caused a severe reduction at both 12 and 20 h (Fig. 7) . The reductions in the amounts of the late mRNA corresponded to the effects on viral protein synthesis and replication shown in the previous sections.
Conclusions. A transfection approach, successfully used to identify the ORFs encoding activators of vaccinia virus late gene expression (22) , has led us to an ORF that decreases gene expression. The inhibitory effect of D10 was abrogated by interrupting its reading frame, indicating that the protein product was required for activity. The inhibitory effect of D10 was manifested regardless of whether an intermediate or late vaccinia virus promoter or a bacteriophage T7 promoter was used for the reporter gene, indicating that the mechanism did not involve promoter sequence recognition. The specificity of the mechanism was demonstrated by using a reporter gene with an EMC virus leader sequence which allows cap-independent translation. In this case, expression was resistant to D10, thereby excluding indirect metabolic effects. Further studies demonstrated that the inducible overexpression of D10, and to a lesser extent D9, by recombinant vaccinia viruses inhibited viral gene expression. No such effect occurred when cells were infected with a similarly constructed recombinant virus expressing ␤-galactosidase, which excludes nonspecific effects of protein overexpression. The inhibition mediated by D10 correlated with decreases in the steady-state concentrations of a representative late mRNA.
Global alignments indicated that the vaccinia virus D10 and D9 proteins are 25% identical to each other and highly conserved among other poxviruses. Homologues are present in variola virus (27, 39) , fowlpox virus (7), Shope fibroma virus (40) , and molluscum contagiosum virus (38) . The inability to isolate infectious D10 deletion mutants of fowlpox virus (7) or vaccinia virus (39a) is consistent with an essential function. By contrast, the neighboring D9 gene was deleted from both fowlpox virus (7) and vaccinia virus (39a) without abrogating infectivity. If D9 and D10 have overlapping functions, as suggested by their sequence similarity, D10 may be able to compensate for the absence of D9 but not vice versa. Although we succeeded in deleting the original D10 gene from vT7lacOI/ D10, replication still occurred in the absence of IPTG, suggesting insufficiently stringent repression of the T7 promotercontrolled D10 gene and a requirement for only very small amounts of the D10 product (39a).
The finding of MutF motifs within both the D9 and D10 genes (23) provides a possible clue to their function and a direction for further research. This amino acid signature was originally identified as an important functional region of the E. coli MutT and the Streptococcus pneumoniae MutX antimutator proteins (28) . Subsequent computer searches revealed a 20-to 30-amino-acid sequence with 6 to 10 positions that have highly conserved amino acids in a variety of proteins encoded by eubacteria, eukaryotes, and members of two virus families, poxviruses and African swine fever virus (6, 23) . The characterized nonviral proteins in this family have widely differing functions due to their ability to hydrolyze a nucleoside diphosphate linked to some moiety, such as nucleoside triphosphates, coenzymes, nucleotide sugars, and dinucleoside polyphosphates. Since the cap structure of mRNA is a dinucleoside triphosphate (16, 44) , our finding that cap-independent reporter gene expression was not inhibited by the D10 product is intriguing. The D10 protein might bind to or hydrolyze cap structures and thereby affect the stability or translatability of mRNAs. The decreased amounts of late vaccinia virus mRNA detected when D10 was overexpressed could be a direct consequence of D10 activity or secondary to a translational effect on the synthesis of other viral or cellular proteins.
